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Abstract
Two dissimilatory nitrate-reducing (Burkholderia xenovorans LB400 and Xantho-
bacter sp. str. COX) and two denitrifying isolates (Stappia aggregata IAM 12614
and Bradyrhizobium sp. str. CPP), previously characterized as aerobic CO
oxidizers, consumed CO at ecologically relevant levels (o100 ppm) under
anaerobic conditions in the presence, but not absence, of nitrate. None of the
isolates were able to grow anaerobically with CO as a carbon or energy source,
however, and nitrate-dependent anaerobic CO oxidation was inhibited by head-
space concentrations 4100–1000 ppm. Surface soils collected from temperate,
subtropical and tropical forests also oxidized CO under anaerobic conditions with
no lag. The observed activity was 25–60% less than aerobic CO oxidation rates,
and did not appear to depend on nitrate. Chloroform inhibited anaerobic but not
aerobic activity, which suggested that acetogenic bacteria may have played a
significant role in forest soil anaerobic CO uptake.
Introduction
Carbon monoxide serves as an energy or carbon source for
numerous metabolically and phylogenetically distinct aerobic
and anaerobic functional groups (Wood et al., 1986; Mörsdorf
et al., 1992; King, 2003a; Ragsdale, 2004; Jensen & Finster,
2005). Obligate anaerobes, including methanogens, sulfate
reducers and acetogens, contain nickel-dependent CO dehy-
drogenases that form acetate from CO (Ragsdale et al., 1982;
Kerby et al., 1995; Seravalli et al., 2003; Ragsdale, 2004; Jensen
& Finster, 2005). Other obligate anaerobes, such as Carbox-
ydothermus hydrogenoformans, oxidize CO as a sole carbon
and energy source, producing stoichiometric amounts of H2,
plus CO2 and biomass as end-products (Svetlichny et al.,
1991). However, while obligate anaerobes play important
general roles in contemporary global carbon cycling, their
specific roles in CO biogeochemistry remain largely unknown.
A diverse group of aerobes and facultative anaerobes also
oxidize CO, but depend on molybdenum-dependent CO
dehydrogenases that produce CO2 and a pair of reducing
equivalents, for which molecular oxygen typically serves as a
terminal electron acceptor (Meyer et al., 1990; Mörsdorf et al.,
1992; Schübel et al., 1995; King, 2003a). Though initially
comprised of only about 12 distinct isolates characterized by
their ability to grow on CO (Auling et al., 1988), the aerobic
CO oxidizers now include an expanding range of Proteobacter-
ia, Firmicutes and Actinobacteria, some of which are inhibited
by and unable to grow on high (41%) CO concentrations
(e.g. King, 2003a, b; Park et al., 2003). As representatives of the
facultative lithotrophs, these organisms play important roles in
global CO biogeochemistry, and contribute to CO uptake in
oxic soils, sediments, plant roots, the marine water column
and other natural systems (e.g. Conrad, 1996; Rich & King,
1998; Hardy & King, 2001; King & Crosby, 2002; Moran et al.,
2004). In addition, many CO oxidizers are important sym-
bionts or pathogens (King, 2003a).
Most of the aerobic CO oxidizers isolated to date are
actually facultative anaerobes that can respire nitrate or
denitrify heterotrophically (e.g. Frunzke & Meyer, 1990; King,
2003a). Since CO reduction of nitrate is favored thermo-
dynamically (Frunzke & Meyer, 1990), facultatively anaerobic
CO oxidizers may compete effectively under some circum-
stances with strictly anaerobic CO oxidizers. Frunzke &
Meyer (1990), however, examined CO oxidation by nitrate-
respiring and denitrifying carboxydotrophs, and reported
inhibition of growth and nitrate reduction for cultures
incubated with elevated CO concentrations (41%). Accord-
ingly, they concluded that nitrate was not likely to be an
important electron acceptor for CO oxidation under typical
laboratory culture conditions.
In contrast, King (2003b) documented nitrate-dependent
anaerobic CO oxidation by Mycobacterium smegmatis, a
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recently recognized nitrate-respiring carboxydotroph (King,
2003a; Park et al., 2003). Cultures were incubated with
environmentally relevant CO concentrations ( 10 ppm).
At these levels, CO uptake was comparable under suboxic
and nitrate-respiring conditions. The results suggested that
the potential significance of nitrate-linked anaerobic CO
oxidation depends on CO concentrations, and that nitrate
may serve as a suitable electron acceptor for ambient or
near-ambient CO levels.
Results reported here document anaerobic uptake of
relatively low CO concentrations by diverse nitrate-respiring
and denitrifying cultures and soils. Two nitrate-respiring
isolates, Burkholderia xenovorans LB400 (formerly B. fungor-
um LB400, Goris et al., 2004) and Xanthobacter sp. str. COX,
and two denitrifying isolates, Bradyrhizobium sp. str. CPP
and Stappia aggregata IAM 12614, oxidized CO anaerobi-
cally at headspace concentrations less than 100 ppm in the
presence but not absence of nitrate. CO concentrations
Z100–1000 ppm were not oxidized anaerobically, and
Xanthobacter sp. strain COX, which grows aerobically with
CO as a carbon and energy source, could not grow with CO
under anaerobic conditions. Temperate, subtropical and
tropical forest soils also consumed CO anaerobically at near
ambient concentrations of 1 ppm. Anaerobic CO uptake
rates were about 25–60% of aerobic uptake rates. Anaerobic
uptake proceeded without a lag and was not stimulated
significantly by nitrate additions. Anaerobic, but not aero-
bic, activity was partially inhibited by addition of chloro-
form, an inhibitor of acetogenesis.
Materials andmethods
Cultureanalyses
Four previously described (King, 2003a) CO-oxidizing iso-
lates were grown under aerobic or anaerobic conditions in
pyruvate–mineral salts media containing 0.05% yeast ex-
tract (PYE; Rich & King, 1998). Burkholderia xenovorans
LB400 (formerly B. fungorum LB400) and Xanthobacter sp.
str. COX respire nitrate, producing only nitrite as an end-
product (King, 2003a). Bradyrhizobium sp. str. CPP (Urbana
Labs, Urbana, IL) and a marine isolate, S. aggregata IAM
12614 (obtained from K. Boettcher, Univ. Maine, Walpole,
ME), denitrify (King, 2003a). Each isolate was inoculated
into 100 mL of PYE medium (with artificial seawater for S.
stellulata IAM 12621) in sealed 1 L Erlenmeyer flasks con-
taining a headspace of air or 100% nitrogen. For anaerobic
growth and incubations, PYE was supplemented with
20 mM sodium nitrate.
Aerobically grown stationary phase cultures were har-
vested by centrifugation (10 000 g), washed and resuspended
in mineral salts medium containing 0.005% yeast extract
plus 10 mM nitrate. Culture suspensions (10 mL volumes) at
an optical density (600 nm) of about 0.5 were transferred to
160 mL serum bottles, which were then flushed with O2-free
nitrogen. In some cases, cultures were grown aerobically in
160 mL serum bottles containing 10 mL of PYE. After the
cultures reached stationary phase, the serum bottles were
flushed with O2-free nitrogen. Nitrate was added to 10 mM
final concentrations as necessary, and headspace CO con-
centrations were adjusted to levels from 10 ppm to 20%. A
needle and syringe were used to sample serum bottle head-
spaces for analyses of culture CO uptake. CO concentrations
were analyzed by gas chromatography using a mercury
vapor reduced gas analyzer (e.g. King, 2000).
Soil assays
Surface soils (0–2 cm) were collected from forested sites in
Maine, Georgia and Hawai’i. The ‘O’-horizon was sampled in
Maine and Georgia and ‘A’-horizon was sampled in Hawai’i;
the latter site lacked a specific organic layer. Various aspects of
each of these sites have been described previously (Adamsen
& King, 1993; King, 1999a, b; 2000; Hardy & King, 2001;
King, 2003c). Samples of soil, 2–5 g fresh weight (gfw), were
transferred to 110 cm3 glass jars that were sealed with
neoprene stoppers. Jar headspaces were flushed with oxygen-
free nitrogen or air. As indicated below, some soils were
amended with a solution of sodium nitrate or sodium
chloride (final concentration 10mmol gfw1); ambient nitrate
concentrations were o1mmol gfw1. Headspace CO concen-
trations were adjusted to approximately 1 ppm (1000 ppb;
Georgia and Hawaiian soils) or 10 ppm (10 000 ppb; Maine
soils) and uptake was measured as for cultures. In addition,
selected soils were treated with a solution containing chloro-
form (final concentration 50–100 nmol mL1 soil water).
CHCl3 has been previously documented as an inhibitor of
acetogenic metabolism via CO dehydrogenase in sulfate
reducers, acetogens and methanogens (Chidthaisong & Con-
rad, 2000; Scholten et al., 2000; Pollice et al., 2001).
Results
Xanthobacter sp. str. COX grew aerobically with CO as a
carbon and energy source at headspace concentrations of
20% (Fig. 1). Xanthobacter sp. str. COX did not grow
anaerobically with CO; however, nor could it maintain its
original biomass (Fig. 1). In addition, it could not oxidize
CO at 20% headspace concentrations (data not shown). The
remaining isolates were unable to grow either aerobically or
anaerobically with CO at 20% headspace concentrations,
but oxidized CO under oxic conditions with headspace
concentrations 1% (not shown).
In the absence of nitrate, none of the isolates consumed
CO under anaerobic conditions (e.g. Figs 2 and 3). Xantho-
bacter sp. str. COX oxidized CO both anaerobically with
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nitrate and aerobically at headspace concentrations that
were approximately 100 ppm or less (Fig. 2); oxidation rates
under anaerobic conditions were comparable to rates under
oxic conditions (Fig. 2). Burkholderia xenovorans LB400
oxidized CO anaerobically at headspace concentrations
10 ppm in the presence of nitrate (Fig. 3). Uptake rates
were considerably slower than under aerobic conditions.
Burkholderia xenovorans LB400 did not oxidize CO signifi-
cantly under anaerobic conditions at 100 ppm headspace
concentrations, and it appeared that incubation with these
concentrations was inhibitory (Fig. 4). Incubating cultures
with air restored oxidative capacity.
Xanthobacter sp. str. COX and B. xenovorans LB400
produced nitrite during anaerobic incubations (data not
shown), but due to the low levels of CO oxidized, it was not
possible to distinguish CO-linked nitrite production from
nitrite produced by endogenous metabolism. With 100 ppm
headspace concentrations, the maximum amount of CO
consumed during anaerobic incubations was o0.6 mmol,
which would have resulted in 60 mM nitrite concentrations
in the incubation media. Endogenous metabolism resulted
in concentrations approximately 1 mM.
Two denitrifying cultures, the marine heterotroph, S.
aggregata IAM 12614, and the legume symbiont, Brady-
rhizobium sp. str. CPP, also oxidized CO anaerobically in the





















Fig. 1. Growth of Xanthobacter sp. str. COX on 20% CO under oxic ()






















Fig. 2. Carbon monoxide uptake by Xanthobacter sp. str. COX under
oxic (), anoxic plus nitrate (&) or anoxic only () conditions. Data are

























Fig. 3. Carbon monoxide uptake by Burkholderia xenovorans LB400
under oxic (), anoxic plus nitrate (&) or anoxic only () conditions. Data























Fig. 4. Carbon monoxide uptake by Burkholderia xenovorans LB400
under oxic (), anoxic plus nitrate (&) or anoxic only () conditions. At
‘A’, headspace CO concentrations in all samples were elevated to about
100 ppm; at ‘B’, headspace concentrations were adjusted to 10 ppm; at
‘C’, headspaces of anoxic and anoxic plus nitrate treatments were
amended with oxygen at 20% final concentration. Data are means of
triplicates 1 SE.
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occurred with little or no lag for actively denitrifying
cultures. For both S. aggregata IAM 12614 and Bradyrhizo-
bium sp. str. CPP, aerobic CO oxidation rates were more
rapid than denitrification-dependent rates. When either
nitrate or air were added to Bradyrhizobium sp. str. CPP
incubated anaerobically with nitrate, CO uptake occurred at
rates comparable to those for cultures, initially incubated
with air or anaerobically with nitrate (Fig. 6).
Maine, Georgia and Hawaiian forest soils rapidly con-
sumed CO at approximately 1–10 ppm headspace concen-
trations (Figs 7 and 8). Anaerobic CO oxidation was about
25–60% of initial aerobic CO uptake rates; ‘compensation
points’ were higher under anoxic than oxic conditions, but
less than ambient atmospheric values. Additions of neither
sodium nitrate nor sodium chloride affected aerobic or
anaerobic CO uptake rates by Maine forest soils during a
6-day incubation (Table 1). Similar results were obtained
for Georgia forest and cultivated soils (data not shown).
In contrast, addition of CHCl3 at final concentrations of
50–100 mM decreased anaerobic CO oxidation in Maine and
Hawaiian forest soils by about 75% and 62%, respectively,
relative to soils incubated anaerobically without CHCl3 (Figs
























Fig. 5. Carbon monoxide uptake by Stappia aggregata IAM 12614
under oxic (), anoxic plus nitrate (&) or anoxic only () conditions. Data










































Fig. 6. Carbon monoxide uptake by Bradyrhizobium sp. str. CPP under
oxic (), anoxic plus nitrate (&) or anoxic only () conditions. At the
arrow, headspace CO concentrations in oxic and anoxic plus nitrate















































Fig. 7. (a) Carbon monoxide uptake by Maine forest surface soils under
oxic (), anoxic () or anoxic plus 50 mM chloroform (&) conditions; initial
uptake rates are 1140, 279 and 172 ppb min1 for oxic, anoxic and
anoxic1chloroform treatments, respectively, at a concentration of
10 000 ppb CO. (b) Carbon monoxide uptake by Georgia pine forest
surface soils under oxic () or anoxic () conditions; initial uptake rates are
113 and 67 ppb min1 at a concentration of 1000 ppb CO. All data are
means of triplicates 1 SE.
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aerobic incubations. Addition of chloroform did not inhibit
aerobic CO uptake rates, however (data not shown).
Discussion
Frunzke & Meyer (1990) have reported that approximately
half of the carboxydotrophs they surveyed respired anaero-
bically with nitrate, either as denitrifiers or nitrate respirers.
None of the isolates, however, grew anaerobically with CO as
an electron donor and nitrate as an electron acceptor. At
high concentrations, CO appeared to inhibit nitrous oxide
reductase, and reduced growth rates but not growth yields
during heterotrophic denitrification. Frunzke & Meyer
(1990) also reported that several isolates were capable of
producing nitrite in the presence of CO at concentrations up
to 50%, but the extent of CO uptake was not examined
specifically, nor was CO-linked nitrate reduction distin-
guished from nitrate reduction by endogenous metabolism.
Frunzke & Meyer (1990) considered nitrate reduction to
nitrite under these conditions ‘gratuitous’ with an enigmatic
function.
Observations presented here clearly demonstrate anaero-
bic, nitrate-dependent CO uptake by aerobic CO-oxidizing
bacteria (Figs 2–6). Two lines of evidence indicate that the
activity is not the result of the anaerobic CO dehydrogenase/
acetyl CoA synthase. First, the genomes of B. xenovorans
LB400 and Bradyrhizobium japonicum USDA 110, a con-
generic of Bradyrhizobium sp. str. CPP, contain only the
aerobic CODH. Second, anaerobic CO uptake only occurred
in the presence of nitrate, which is not a substrate or electron
acceptor for anaerobic CODH.
Results of this study also extend to Proteobacteria patterns
previously observed for dissimilatory nitrate-reducing acti-
nobacteria, e.g. M. smegmatis and M. gordonae (King,
2003b). Results for Xanthobacter sp. str. COX are also
consistent with some observations by Frunzke & Meyer
(1990), who reported that dissimilatory nitrate reduction
appears CO insensitive. Insensitivity to CO may account for
the similarity in oxic and nitrate-dependent anaerobic CO
uptake rates for Xanthobacter sp. str. COX (Figs 2 and 3).
Conversely, an upshift from 10 to 100 ppm CO apparently
inhibited nitrate-dependent anaerobic CO uptake by B.
xenovorans LB400, (Fig. 4), which suggests differential CO
sensitivity among dissimilatory nitrate reductase systems, as
appears the case with M. gordonae and M. smegmatis (King,
2003b). For the latter, oxic and nitrate-dependent anaerobic
CO oxidation rates were similar; for the former, oxic rates
were much faster (King, 2003b).
Although their capacity to do so varies, data from isolates
collectively suggest that aerobic CO oxidizers are likely to be
able to consume low CO concentrations with nitrate as an
anaerobic electron acceptor. The physiological significance
of nitrate-dependent anaerobic CO oxidation in situ is
unclear, however, since the process does not support growth.
It may provide energy for maintenance metabolism as has
been suggested for aerobic oxidation of ambient CO levels
(Hardy & King, 2001; King, 2003a, b). Intermittently anoxic
soils, surface sediments in freshwater and marine systems,
and the rhizospheres of aquatic plants represent environ-
ments in which nitrate-dependent anaerobic oxidation
could contribute to CO cycling.
While aerobic CO oxidizers are active in most soils
(Conrad, 1996; King, 1999a, b), responses to exogenous
nitrate and chloroform suggest that they may not dominate
anaerobic CO uptake, in spite of their potential to respire
with nitrate. Three different forest soils with relatively low
ambient nitrate concentrations (o0.1–1 mmol gfw1) con-
sumed CO anaerobically without a lag (Figs 7 and 8), but
nitrate additions at 410-fold ambient levels did not affect
uptake, even during extended incubations (46 days; Table
1). Thus, the observed CO uptake rates appear nitrate-
independent. Further, chloroform inhibited anaerobic but
Table 1. Carbon monoxide uptake rates (mg CO (g dw)1 min1) for
Maine forest surface soils incubated under oxic or anoxic conditions,




Untreated 1NaCl 1Nitrate Untreated 1NaCl 1Nitrate
0 1.0 (0.2) 0.7 (0.1) 0.6 (0.1) 0.6 (0.1) 0.4 (0.1) 0.4 (0.1)
2 0.8 (0.1) 1.0 (0.1) 0.7 (0.0) 0.5 (0.2) 0.7 (0.0) 0.3 (0.1)
6 0.9 (0.1) 0.7 (0.1) 0.7 (0.2) 0.5 (0.2) 0.5 (0.1) 0.3 (0.1)























Fig. 8. Carbon monoxide uptake by Hawaiian forest surface soils under
oxic (), anoxic () or anoxic plus 50 mM chloroform (&) conditions. Data
are means of triplicates 1 SE. Uptake rates are 35, 13.5 and
3.3 ppb min1 for oxic, anoxic and anoxic1chloroform treatments,
respectively.
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not aerobic CO uptake (Figs 7 and 8). Chloroform at
50–100 mM levels has been reported to inhibit methanogens
and acetogens, both of which can oxidize CO via anaerobic
CODHs (Chidthaisong & Conrad, 2000; Scholten et al.,
2000; Pollice et al., 2001). These results suggest that obligate
anaerobes rather than facultative anaerobes account for a
significant fraction of the activity in anoxic soils reported
here.
Because none of the soils assayed in this study produce
methane during short-term incubations (o7 days), aceto-
gens most likely account for the observed anaerobic CO
uptake. This concurs with previous reports, which have
shown that acetogens in pasture and forest soils tolerate
low oxygen concentrations and actively produce acetate
from exogenous CO, or hydrogen and CO2 (Küsel & Drake,
1995; Wagner et al., 1996; Karnholz et al., 2002). Factors that
determine the relative importance of acetogens vs. nitrate-
respiring CO oxidizers are not clear, however. Acetogens
may out-compete the latter for CO if their population sizes
significantly exceed those of aerobic CO oxidizers, if their
affinity for CO is relatively high, or both. In addition,
heterotrophic nitrate respiration and denitrification may
out-compete nitrate-dependent CO oxidation for nitrate at
both ambient and elevated concentrations. Nitrate-depen-
dent CO oxidation may also be constrained by the metabolic
status of the CO oxidizers. If populations that actively
consume CO under oxic conditions are energy- or sub-
strate-limited; they may not synthesize the enzymes neces-
sary for anaerobic respiration and thus not contribute to
anaerobic CO uptake.
In conclusion, CO is readily oxidized under anaerobic
conditions by some nitrate-respiring and denitrifying bac-
teria at ecologically relevant concentrations. However, ele-
vated CO concentrations (e.g. 41%) do not support
growth by these nitrate-respirers or denitrifiers. Surface soils
from diverse forests also readily consume CO under anae-
robic conditions, but the activity appears nitrate-indepen-
dent and perhaps the result of acetogenic activity. Thus,
while many aerobic CO-oxidizers may have the capacity to
consume CO anaerobically, this capacity may not often be
realized.
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